REPORT No. 30.

EXPERIMENTAL RESEARCH ON AIR PROPELLERS, II.

By Wirax F. Duraxp AND E. P. Lesrzy.

INTRODUCTION.

The purpose of the experimental investigation on the performance of air propellers de-
scribed in the following report was, in brief, the extension of the field covered by the investiga-
tion of 1917 and described in Report No. 14 of the Third Annual Report of the National Advisory
Committee for Aeronautics, 1917.

The investigation was divided into five parts, as follows:

(I) Tests under conditions of flight on 16 model propellers of different forms, sections, or
pitch ratios from those of Report No. 14.

(IT) Tests under conditions of flight on one model propeller of variable pitch.

. (III) Tests under conditions of flight on three sets of right and left hand model propellers
in series.

(IV) Tests on 12 model propellers to determine brake effect or negative thrust at negative
slip

(V) Standing thrust and power tests of 67 model propellers.

The above program was prepared by Dr. W. F. Durand, chairman of the National Advisory
Committee for Aeronautics. The entire investigation was carried on during the summer and
fall of 1918 in the aerodynamic laborstory at Stanford University, under the direction of Prof.
E. P. Lesley, who is author of the report in its present form. Prof. H. C. Moreno, of Stanford
University, rendered valuable assistance in the experimental work and reduction of dats. Dr.
Durand was called to Europe in January, 1918, and was therefore unable to give personal atten-
tion to the tests and preparation of the report.

The Stanford University aerodynamic laboratory and its equipment are fully deseribed in
Report No. 14, previously mentioned. Except in details which are hereafter described, the
method of observation and reduction of data used in this present report was the same as that
previously adopted.

I. TESTS ON 16 MODEL PROPELLERS.

The propellers chosen for this part of the investigation are shown in the accompanying
figure 1. They involve six additional forms (F,, F,, F,, F,, F;, and F,), one additional type
section (S,} and one additional piteh ratio (1.1).

The characteristics of the six additional forms are shown in the accompanying figures 2, 3,
and 4. It may be noted that F, is similar to F, of Report No. 14, the curved center line being
of the same shape but being set back in the direction opposite to rotation 0.55 inch. In F,
the center line is curved in the opposite direction from that of F,, making the leading edge
instead of the following edge straight. In F, the curved center line is set back 1.1 inches, and
F, is similar exccpt that the center line is curved in the opposite direction. F; has a radial
leading edge, while F, has a radial following edge.

The additional type sections (S,) are shown in figures 5, 6, 7, and 8. This aection has one-
half the camber on the driving face of S, of Report No. 14. Sections (S,} of F;, F,, F;, and
F, are the same as for F,, A, S, (fig. 20 of Report No. 14). Figure 9 shows sections for F,
and F,. The verious characteristics of the 16 models are shown in the following Table I.
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TasLe I.—Characteristics of model propellers.

Bhape of | Blade
Digme- | Nominal | NOmIDAl | pyopomge | Dynemic | Mean Area 154008 | see-
No. tch piich Diade symbol
tr. | Cpien | BER | Tpwen ¢ B | R | TR e, eyl
Inches. | Inches. Inches.

80 35 8.6 L1 5.9 L4l 1ir A 5 8,
8t 28 0.6 11 @4 L2 20r A 5] 8
7 26 3.6 L1 50.7 1,400 16 Y 5 8
83. 28 39,0 11 7.3 1.313 “a0r A, 5 &
84. 38 252 7 33.8 238 & 'Y 4 &
85, 38 .3 it 5 1% i T, 8
gs. 28 25.3 g 38.1 us .18t A T 8
87, 36 253 7 346 16 i Ty &
83 36 5.3 T 85.4 953 138 'Y b 5
8. 28 25.3 ] 35.9 078 ‘136 A T 8
901 38 120 5 .5 T ter 1 T A
ol... 38 18.0 .5 8.9 884 .20r Ay F B
93,2 26 2.3 7 348 “063 s A ¥ Be
0.0 38 %] i 353 1870 a0 A n [
YR 36 824 9 28 1,180 [ Y Ir’ &
95 38 324 9 30.9 1109 20r A 7 By

The dimensions of the propeller sections are given in the following Table IT and figure 10:
TasrLe II.—Dimenstone of propeller sections.

[Ses figure 10.]

Form, ares, and sectlon symbols. Radlusoli ap | aE. | A5 | E8. | EH | EM. | BB | o

Inches, | Inches. | Inckes, | Inches, | Inches, | Inches. | Inches. | Inches. .
1 2.45 0.9 0.05 0.70 119 heersvccncdorcrarnens 78
7 2.70 .90 .05 .60 Lot {008 fe.oiioiiil 69
P A1 Bpernecemrnemmruennreneesneenensaassanstnransnes 10 .70 .90 .05 .50 84 2088 [erermannne ]
18 2.70 .90 .05 40 .66 L0868 |o.illo. 51
16 2.70 .90 .05 .30 49 I I )
. 4 297 1.20 .05 .70 119 7
7 3.60 120 .05 .60 1.01 6
7 OO 10 3.60 1.20 .05 50 .8t 00
13 3.60 L20 .05 40 .86 51
18 3.60 120 .08 .30 49 4
4 3.00 1.00 .05 .70 1.19 ]
7 323 1.07 .05 .60 10 €
Atierarcirenecesmnenanescorcerasaremansnansnsane 10 314 1.08 .05 .50 .8 0
13 2.63 .89 .05 .40 .68 5t
16 1.9 .68 .08 - 49 s
4 400 L33 .05 .70 119 8
7 4.30 143 .05 .60 1.0l &
AsBtreerrrecrerernennarnsnensonsnonsarnenansans 1 4.18 L3¢ .05 50 .84 60
l 13 2.58 L1 .05 .40 .66 51
18 2.5 .85 .08 .30 .49 £
4 2.2¢ .78 .05 .70 119 i
T 2.80 .80 .05 .60 1.0 | 69
ApBleerrerierrererararnsrronsasnenecnmesvennnenns 10 2.94 .98 .05 .50 .84 |, 60
18 .02 .01 .05 .40 .68 51
16 2.05 .88 .05 .30 .30 &

Construction of models.—The model propellers were carved from single sticks of Pacific
soast sugar pine (Pinus Lambertaina) in the manner described in Report No. 14. Further tests
and measurements of the models constructed in 1917 show that, if thoroughly seasoned and
properly protected by varnish, this wood is well adapted to the purpose.

Method of conducting tests.—The tests were conducted in the same manner as those of 1917,
except in the following particulars: _ o _

Wind velocity.—In the earlier investigation the wind velocity, except for the action of the
model, was constant throughout a test. Two or more velocities were used, the data for very
high slip being obtained at the lower velocity.

Although experiment showed that the thrust and torque reduced to coefficients were, at
constant slip, independent of velocity; it was thought advisable to use velocities as high as
practicable, particularly at low slips, in order that the quantities observed might be large and
thus the percentage of error reduced.

Accordingly tests herein described were started with a velocity of about 50 miles (80 km.)
per hour. The model propeller was brought to a rotative speed that produced practically no
thrust and observations were made. The rotative speed was then increased slightly and another
set of observations taken. This was continued until the limit of power for the driving motor
was reached. The wind speed was then reduced by small amounts and observations made until
the desired range of slip was covered.
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Torque.—In 1917 it was determined that, after running 15 to 20 minutes, the torque moment
of the apparatus was practically constent and independent of speed. The practice was therefore
to observe the torque zero at the beginning and end of a test in which from 10 to 20 observations
occupying about one minute each were made.

Tests at the beginning of this present investigation showed that while the torque zero was
practically independent of speed there was a slight variation with time which was not uniforms
The following practice was therefore adopted. The driving motor was started and allowed to
run until practically & constent torque zero was observed. The model was then put in position
and the ususl observations made. The model was then removed and an observation of torque
zero made at the same number of revolutions.

The discovery of slight variation in the torque zero led to the suspicion that efficiencies
determined for the 51 propellers of Report No. 14 might be inaccurate at the lower slips (the
vicinity of the maximum efficiency). Consequently all of these propellers were retested by the
improved method. It was thus learned that in some cases, particularly for propellers of the
higher pitch ratio, the maximum efficiency previously determined was from 1 to 3 per cent in
error. The following Table III shows for propellers 1 to 51, Report No. 14, the value of effi-

ciencies for various vealues of—lvlj) as determined by tests during 1918.

EXPERIMENTAL RESEARCH ON AIR PROPELLERS, II.

Tasie III.—Efficiency of propellers No. I to 51.

¥
ND
Propeller No.

20 30 40 A5 F. F. £0 65 0 I8 80 k. £0 88 1.0
o0.500 | 0.630| 0.670] 0.708] 0.730| 0.752] 0.760 | G780} 0.786 | O0.788 | O.780| 0.760 | OG.726
588 .620| .660 8051 728 i) 768 .76t .781) .T9 a8 N7 .650
505 .638 .76 708} .736 N 780 .796( .806| .810} .804] .78 .51
580 | .e22| .662) .85} .725| .780| .770} L7883} .787] .781| .70 | .Ti0 813
.620| .681 L6007 .T28| .78 .TER| T45| .TIS 888 JB88...cciii]eenanadd cressann
67| .673| .707| .782
L840 .68 .723| .75L
L835F .680) .TI8| .74
858 | .678 .682| .615
.680 | .701 071 680
.655| .470[ .687| .68
515| .620f .860) .008
508 | .842 .83 7T
628 .67L W70 T
.630 877 AT} 748
.650 | .695| .730| .15
.629 .674 T4 .TAS
.685{ .638 708 .678
671 . 885 .607| .673
.8651 .es0| .67l 618
.548 5% .638| .67
584 L6810 .650| .685
E8) .620] .660} .601
564 .608| .647) .883
.601 648 . 656 . 700
L8081 .649 .684 T4
.610 . 6566 694 723
.89 .635 . 630 . 605
o5 613 .500| .528
827 .645] .6423| 611
614 .629 .622] .&82
545 504 .635 .672
. 560 .610 ] .651 .600
.560] .608| .650| .684
580 | .636 674 L7038
L6021 .650 .684 .T13
N 656 .600| 7T
L6805 .645] .680| .70
.801 608 | .800| .546
.809 .615 500 .530
.609 .614 .60 | .565
.605 .605| .b579( .516
.83L| .67 .Ti4 . 741
642 .685| .720) .740
.83 .675| .7T08| .
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Where the above efficiency is different from that shown in the curves of Report No. 14.
the difference is due mainly to a less net torque caused by a slight rise in zero torque. Quan-
titatively the error was small, as may be shown by the following 111ustratlon

In Report No. 14 the maximum efficiency of propeller No. 1 is 0.765 at —N—-O .79. With

a wind velocity of 60 feet per second (about 40 miles per hour) and with ¢.=0.6 end 7,=0.385,
with air density 0.075 pounds per cubic foot, and with a diameter of 3 feet, the torque would
be 0‘6X360(1)53§7X0'075—4.38 foot-pounds. The efficiency of propeller No. 1 at 'J\TTID"O'W
has been determined to be 0.785, which with the same thrust, velocity, etc., requires a torque
coefficient =0.585, or a torque of 4.27 foot-pounds, the difference being 0.11 foot-pounds.

A further possible source of error in the efficiency curves of Report No. 14 was the method
of calculating efficiency from faired curves of T, and ¢,. The difference in the above example,
between @, =6 and @.=0.585 is barely distinguishable on thegcale used. Intheabove check tests
efficiency was calculated directly from the data for each observation. It may be noted that
the efficiencies (as shown by Table ITI) for expanding pitch propellers (P,) 13 to 24 and 37
to 48 are in general somewhat greater than for uriform pitch propellers (P;) 1 to 12 and 25 to
36. There are but few exceptions to this rule. Other general conclusions of Report No. 14
as to relative efficiency are unchanged.

REDUCTION OF DATA.

The same general method in reduction of data followed in Report No. 14 has been followed
in this present investigation. With the exception that metric units are used throughout, the
data as presented are in the same form.

V =Velocity in meters per second.
N =Revolutions per second.
D == Diameter in meters.
A =Density of air in kilograms per cubic meter.
T =Thrust in kilograms.
Q=Torque in kilogram-meters.
P——- Effective power or power absorbed by propellers in kg. meters per second.
P, =Useful power or work done in overcoming resistance to forward motion of plane
in kg. meters per second.
p=Efficiency.

It should be noted that W—D, the slip coefficient, is mdependent of the units if they are

homogeneous. Therefore, in this present report, the values of W_Z? are the same as for Report

No. 14. The coefficients T % Q.= @1073‘5% Z—Z\%ﬁ and ———N—E,—are likewise inde-
pendent of the units used if they are absolute and homogeneous. Since gravity units are em-
ployed these coefficients have in the metric system a value g in feet divided by g in meters = (3.28)
times that when English units are used.

In Plates I to XII are shown diagrams giving values of the thrust and torque coefficients
and of the efficiency for all of the 18 models tested. The use of these diagrams is fully explained
in Report No, 14.

The practice in Report No. T4 was to reduce the observations to data in the form of

thrust and torque coefficients 7, and ¢, and plot on abscissae of _B Fair curves were
then drawn as nearly as might be through the points determined. The efficiency was
calculated for each 0.1 or 0.05 of the WV-E range from values of T, and @, taken from the

curves. In this present report the efficiency has been calculated directly from the observations
and the efficiency curve drawn through the points thus determined, serving to eliminate errors
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of judgment in drawing curves of T; and @,. The curves of T, @, and p are checked for con-
sistency at values of YVVD varying by increments of 0.1.

Plates XXXV to XLI show the Eiffel logarithmic diagrams for the 16 models tested. In
these diagrams, which may be employed in the same manner as those of Report No. 14, the
metric horsepower of 75 kilogram meters per second is used.

DISCUSSION OF RESULTS.

Thrust in relation o piich ratio.—As expected from the tests of Report No. 14 the thrust

of propellers 80, 81, 82, and 83 (1.1 pitch ratio) is greater for the same value of —N—ZD- than the

thrust of propellers of similar form and area but of less pitch ratio.

Thrust in relation to blade area.—The pairs of propellers 80-81 and 82-83 show the same
relations of thrust as similar pairs of Report No. 14—that is, the wide blades (81 and 83) show
the lesser thrust at low slip and the greater thrust at high slip. As noted in Report No. 14, the
lower thrust at low slip is probably due to the smaller dynamic pitch caused by the smaller
curvature of the back of the blades.

Thrust in relation to blade form.—Forms 3 and 5 (curved edge entering) show less thrust
than forms 4 and 6, while form 7 (straight edge entering) shows less thrust than form 8. Such
differences as exist between pairs Fy-F,, F—F,, and F,~F, are believed to be due to greater
tendency of one than the other propeller to warp when under load.

The differences between F;, F,, and F; and between F, and ¥, are not marked, the thrust
curves being practically identical at many points.

Thrust in relation to blade section.—The thrust for S, is in general intermediate between
thrusts for S, and S,.

Power in relation fo pitch ratio—As was anticipated, for & given value of—ﬁFD the torque

and power coeficients are higher for the propellers of 1.1 pitch ratio than for those of similar
form and area but of less pitch ratio.

Power in relation to blade area.—The pairs of propellers 80-81 and 82-83 show the same
general relations of power as of thrust. The wide blades, having a less dynamic pitch, absorb
less power at low slip, but at the high slips absorb the greater power. The two areas absorb the

same power at a value of YVZD slightly less then for maximum efficiency.

Power in relation to blade form.—The power curves for the various forms have the same
general relations as those for thrust.

Power in relation to blade section.—The power absorbed by propellers of blade section S, is,
in general, intermediate between powers absorbed by S, and S,.

Efficiency in relation to pitch ratio.—As was anticipated, propellers of 1.1 pitch ratio show
& longer range of efficiency and a higher maximum efficiency than those of less pitch ratio.

Efficiency in relation to blade area.—Propeller pairs 80-81 and 82-83 show the same character-
istics in efficiency curves as similar pairs in Report No. 14. The narrow blades have a greater
efficiency and, having a slightly greater dynamic pitch, have a correspondingly larger range.

Efficiency in relation to blade form.—Such differences as exist in the efficiency of the various
forms tested are not marked. Curves for F,, F,, and K| are very similar except near the
maximum, where Fy has the advantage of about 1 per cent. Curves for F, and F, do not vary
widely from the sbove. Curves for F, and F, are practically identical.

Efficiency in relation o blade section.—The cambered blades of S, give efficiency curves be-
tween those for S, and S,, and it therefore appears that to be of advantage camber should be
less than that used in S,.

It should be noted that a table has been given showing corrected values of efficiency for
propellers of Report No. 14, and that the above statements as to efficiency are made in con-
sideration of these corrected values.
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IL TESTS OF A VARIABLE PITCH PROPELLER.

Propeller model No. 96, figure 11, was constructed with a view to determining the aero-
dynemic qualities of the variable pitch propeller. The blades are independent and fastened
in & spherical bronze hub, as shown. By loosening the screws they may be set to any desired
angle and then secured. In this propeller the blades were made of San Domingo mahogany
in one piece and have the form section, etc., F,, A,, S;, and a constant pitch of 25.2 inches
(pitch ratio, 0.7). This model is therefore like model No. 5 of Report No. 14, except for slight
variation at the hub.

The model was tested in the usual manner with the following settings:

A = 4° retard. E =12° advance.
B=0° advance. F=186° advance.
C=4° advance. - G =20° advance.
D =8° advance. H =24° advance.

In sefting A the pitch angles are 4° less than those for 0.7 pitch ratio; in setting B the
blade is set at-the designed pitch, and in settings C, D, E, F, G, and H the pitch angles are
the amounts shown greater than those for 0.7 pitch rato.

Results of tests are shown in Plates XIII, XIV, and XIII. The following Table IV
shows the nominal and dynamic pitch and for the various settings.

TaBLr IV.—Propeller model No. 96.

s Mean Dynamie
Nominal Dynamic
Betting. nominal iteh
piteh. pitch. piteh ratio. ll"ltio.
Tnches. Inches,
21.3t017.9 28.4 0. 54 0.7
25.3 L3 .70 .98
2.4t032.8 407 .96 113
3.1t040.8 40.8 .04 130
390.83t049.2 5.0 L3 1.50
45.2t0 58.2 oLo 148 171
5 to68 70.2 165 108
6010 78.8 80,7 1.88 3

In the above table the column nominal pitch, except for setting B, has two values. The first
is for the 7-inch radius and the second for the 16-inch radius. The column mean nominal pitch
ratiois the mean value of nominal pitch for the 7,10,13,and 16 inch radii divided by the diameter.

As shown by Plates XIIT, XIV, and XLII, the power absorbed by this model increases
with the angle of attack for any value of—NYI—).

For the thrust this rule does not apply. At W%EO'G’ for example, there is no increase in
thrust for angles of advance greater than 16°. (Sefting F.)

The maximum efficiency of this propeller increases with the angle of advance until about
8° has been reached corresponding to & mean nominal pitch ratio of 1.04.

III. TESTS OF RIGHT AND LEFT HAND PROPELLERS IN SERIES.

In order to determine the serodynamic characteristics of two propellers (right and left
hand) in series, three additional propeller models were constructed. These are numbered
97, 98, and 99. All are left hand and have form, area, and section symbols F,, A;, S,, described
in Report No.14. No.987 has a pitch ratio of 0.9 and is therefore like propeller No. 1 in every re-
spect except direction of rotation. Nos.98 and 99 have pitch ratios of 0.7 and 0.5, respectively,
and are therefore duplicates to propellers No. 5 and No. 9, except as to direction of rotation.

The three sets, 1 with 97, 1 with 98, and 1 with 99, were mounted as shown in figure 12.
The right-hand propeller was placed in the rear, on the shaft of the dynamometer that waslocated
within the experiment chamber. A dynamometer (similar in operation) was built 4 feet in front
of the collector end of the tunnel, the propeller shaft being extended through the collector and
supported at the end by & bearing in the bronze nut which secured the right-hand propeller in
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position. The left-hand propeller was mounted on the shaft of the forward dynamometer. Both
propeller shafts floated freely, but the average distance between the two propellers was 6 inches.

The method of conducting tests was as follows: Both dynamometers were sllowed to

- run until steady conditions were attained. Both dynamometers were carefully calibrated for -
torque and thrust. The propellers were then put in position and with & practically constant
wind velocity and & constant rotative velocity of the forward (left-hand) propeller, a series
of observations were made at various speeds of the rear (right-hand) propeller. The rotative
velocity of the forward propeller was then changed and another series of observations made,
This was continued until the range of possible utility was covered.

The observed date was reduced to thrust and torque coefficients and efficiency for each
propeller and to combined efficiency for the two propellers. The coefficients and efficiencies
were plotted as elevations of a surface, and the contours shown in Plates XV to XXIX were
then interpolated. Plates XV to XXVI show also the torque and thrust coefficients and
efliciency for propellers 1, 97, 98, and 99 when alone. C

From these contours the following conclusions are drawn:

(1) The thrust of either propeller is reduced if the other develops thrust.

(2) The torque of the forward propeller is reduced if the rear propeller develops thrust.

(8) At low slips (the larger values of —N—VD) the torque of the rear propellerisreduced if the

- a
forward propeller develops thrust, while for high slips (the lower values of -NID) the torque of

the rear propeller is increased if the forward propeller develops thrust.
(4) The efficiency of either propeller is reduced if the other develops thrust.

(5 To give equal thrust or to absorb equal power at equal values of WI%, two propellers

(right and left in series) should have the same pitch ratio.

(8) For two like propellers delivering equal thrust or absorbing equal power, the efficiency of
the combination is approxinmately equal to the efficiency of either at the combined thrust or power.

It may be noted that the efficiency curve for propeller No. 97 is somewhat lower than that
for No. 1, although these propellers were constructed as nearly alike as possible. Measurements
after tests showed No. 97 to have a slightly less pitch than No. 1. Likewise Nos. 98 and 99
have less pitch than the right hand similar ones, Nos. 5 and 9, of Report No. 14. In addition,
it may be seen that the efficiency curve of No. 97 is thatdetermined by the tests of Report
No. 14 and not as determined by recent tests. The arrangement of the apparatus and time
required to remove and replace propellers made it impracticable to make these tests by the
improved method.

Therefore it is possible that the efficiency and torque curves shown on these diagrams
are slightly in error. The relation of one curve to another is, however, believed to be sub-
stantially correct.

IV. TESTS ON MODEL PROPELLERS TO DETERMINE BRAEE EFFECT OR NEGATIVE THRUST AT
NEGATIVE SLIP.

The propellers selected for these tests are numbered 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12.
Their form, section, and area characteristics are fully described in Report No. 14.

The models werse mounted as usual and the driving motor constrained, by means of a
mechanical or an electrical brake, to run at less revolutions than required to develop a positive
thrust. The wind velocity was maintained constant at about 50 miles (80 km.) per hour, A
series of observations were made on each propeller at revolutions from that required for zero
thrust to revolutions as low as practicable for steady conditions. The negative thrust was
measurod by reversing the balance arm of the thrust dynamometer.

The data obtained were reduced to coefficients in the form of the thrust coefficient 7, and
plotted as shown in diagrams of Plates XXX and XXXTJ. It should be noted that the brake
effect coeficient is plotted as a positive quantity obtained by multiplying the thrust coefficient
by —1.
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The diagrams show, as would be anticipated, that the narrow blades have less brake effect
than the wide ones (see pairs 1-2, 34, 5-6, etc.), and that the brake effect of the higher pitch
ratio is less than that of the lower. (Sets 1-6-9, 2-6-10, efc.) The unexpected results of this
investigation are shown most clearly in the curves for propellers Nos. 10 and 12. With a cop-

stant velocity of advance, the brake effect of propeller No. 101is at WPDB 1.3, about twice the
V
value for ~ D-4 8.
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That this might have been expected may be shown by ths following analysis:

Let E F, figure 13, represent an element of the propeller surface.

A B=YV, the constant forward velocity

B C=T1, the variable circumferential velocity -

A C1is then the relative velocity of wind and element.

a=90°—pitch angle.

(¢—6) is then the relative direction of the wind and elementary surface.

From Duchemin’s formula, verified by Langley (see experiments in aerodynamics by S. P.
Langley, Smithsonian Institution, 1891) the normal pressure on the element, and hence the thrust
component, is equel to K 2 sin_(x—6)

’ 1+8in?(a—6)

In the sbove formula, the velocity is presumed to be constant.

The velocity of the element, however, with constant veloclty of advance, varies as sec ¢
Merging the coefficient 2 with the- constant K and assuming thatf pressure varies es velomty
gin (@—8) sec? @

1+samn3? (a—6) ° o

Assigning to « values of 70° and 85° (corresponding to pitch angles of 20° and 5°) and to 8
various va.lues, & series of values for thrust may be determined. These, if plotted on absciss®
of cot 6, give curves as shown in figure 14, which have the same genera.l shape as curves shown on
Plates XXX and XXXI. For the above analysis the author is indebted to Prof. L. M. Hos-
king, of Stanford University.

The curves shown for propellers Nos. 3 and 12 may also be transformed into curves similar
to one derived by the Duchemin formula as follows:

squared, we may write; Thrust= K

‘0 Vv v
=== ND

ByDuchemin’sformula P=0whena—f=0orwhena=6. Butfromplate XXXI, thrust (and
consequently P) is equal to zero when F‘% is .068 for propeller No. 12 and 1.2 for propeller No.3.
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Q& = 859
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/ T« 5 76°
0 '.5 | s 2 2.5 3
cot: &
Fia. 14.

The equivalent « is then
0.88

for propeller No. 12, cot™ T , or 77° 45/
and for propeller No, 3, cot™* —1;?-- , or 69° 8.

If ordinates of curves for propellers 12 and 3 are divided by sec? (cot“;g-p), the
quotients multiplied by a constant and plotted on abscissae of 77° 45’—cor?§—p (for

propeller 12) and 69° 8'—cot™ -n-_lgD" (for propeller 3) the points will lie as shown in figure 15.
These tests therefore serve to confirm the Duchemin formuls.

1.0 __
9 . L

s Vel I
1 A/<—-DUCHEMIN FORMULA
b /o PROPELLER I}

5 25— PROPELLER Ne I
S

3 9

2l o

i

0} 10 20° 30° 40° 50° 60° 70° 80° 90°
Fia, 15.
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V. STANDING THRUST AND POWER TESTS,

The 51 propellers of Report No. 14 and the 16 propellers of this present report were tested
to determine coefficients of standing thrust and power.

This investigation was necessarily carried on in the wind tunnel. Preliminary tests were
therefore conducted to determine the effect of the velocity generated throughout the tunnel
by the action of the model alone, with a view to eliminating such effect if possible. It was
found that if the experiment chamber were closed, except for the openings to collector and
diffuser, the velocity generated by the model was sufficient to make results of tests inconsistent.
After several trials the following conditions were established as closely approximating operation
in free air. Doors and windows of the experiment chamber were removed, and the diffuser
partially closed by & damper, so that the stream driven backward by the model just passed out
through the diffuser without forming eddies and backward currents in the experiment chamber.

All propellers were tested throughout the practicable range of revolutions. The observa-
tions were reduced to coefficients as follows:

Thrust d Power
AND: ¢ ANWIF
These coefficients were plotted as ordinates on abscissae of N D, as shown in Plates XX XTI,

XXXIII, and XXXIV. The diagrams are typical of the 87 propellers tested. For the most

part the coefficients Ejﬁfﬂ% and %)1%%5 plot es straight lines nearly parallel to the axis of N D,

showing the coefficients to be practically constant.
The data for the 67 propellers is given in the following Table V.

Tasre V.—Standing thrust and pover. Tasre V.—Standing thrust and powe—Continued,
Propeller ¥D Thrust, Power._ Thrust. Propeller ¥D Thruat, Powaer. Thrust,
number. ANDS AIDs Power. namber. ANIDA ANDS Power.

10 0.0140 0.00878 0.1502 1o 0.0 0.00509 0.2338
Locorennes 30 -o153 -00881 -0580 W.e.e..... 20 -0197 - 00518 -oa16
s .0153 - 00505 -0428 40 0129 - 00529 ~0610
50 - 00535 .0i88
[ 10 L0190 00917 L2071
2 20 ~0104 - 01057 0918 10 L0110 . 00465 68
--------- 30 L0199 ~01108 .0538 2 “0115 - 00470 1996
10 L2 .01138 -0458 ;& 2 - 80450 0522
10 L0138 .00820 1544 5 .01z ~00470 0510
3 20 -0163 ~00820 - 0004
--------- a0 .0188 00822 0673 ‘10 0132 - 00498 M0
10 - 0160 + 00840 77 " s .oz - goise 10
10 L0192 01006 w0 | | TTTTYTT rhs 0 - 00490 -0823
. 20 -0105 ~01045 0932 : 50 0123 - 00489 ~0500
--------- 30 .0195 ~01040
© 0158 s ot g 0149 %; %0
10 0118 . 00828 1880 1Beeoneenes - 30 84 - 00873
5 20 10 - 00858 1 20 0175 00380 0518
--------- 30 0153 - 00731 067
o 0162 - 00768 0527 Io o3 Qs lous
10 160 . 00742 2155 Heerere-e. l 30 0:123
o x ol +00792 1023 0 0168 01148 ~0430
| % 0170 <00808 0517 " { 10 o - 00830 1855
. 00887 soss |00 1Bemeeenee 30 0168 - 00833 ~0684
;’ﬁ ﬁ:;g < 00861 - Locs 0 0168 00848 -0495
- 00850 .
10 0149 - 00662 ] » oues - 00as <Los
5 015t - 00690 .0438 16eereennns 2 e -01000 e
[ 0 e 00718 s 0 .0188 ~01000 0470
8eenoneenn 0 0188 ~o0754 s0m0 2 it - g0c0e s
10 0164 00769 -0633 esarnnnns e L0140 < 00878
10 o108 0045 2085 0 -015 .00688 o4t
2 o1l -00482 1150 10 .0164 00742 2210
- TO— 2 0IE7 -00482 0809 18 20 L0162 00747 ~1085
0 0120 -004582 a2 || 1Beeennnd 38 -0164 ~00780 0894
50 .00485 0508 s 0165 . 0505
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Tasre V.—Slanding thrust and power—Continued.
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TapLe V.——Standing thrust and power—Continued.

Propeller §D Thrust, Power. Thrust._ _
mumber. N ANIDS Power.
10 0.0126 0.00615 0.9047
" 20 L0138 . 00583 <1184
--------- 30 .0138 T o774
© .0157 - 00801 ~0570
10 .0163 . 00741 . 3900
2 20 .0161 - 00768 L1047
--------- 30 -0163 - 00788 L0692
0 o164 ~ 00800 L0533
10 .0103 . 00403 L2538
2 .oli0 - 00444 L1238
P W 80 -01i4 £ 00465 . 0817
0 -ouyy - 00480 <0809
50 -0130 - 00400 .olb
10 L0124 00478 L2800
20 .0123 - 00510 ~1208
o S 30 0128 -00537 077
0 0128 - 00540 - 0503
50 01 - 00550 ~0469
10 L0110 . 00418 . 2650
20 .01z - 00465 ~1230
v O 30 .oiia - 00444 ~0840
40 on3 -00435 - 0844
50 Lo1t1 +00428 ~0520
10 L0120 . 00453 . 2658
20 ~0130 - 00485 1237
TR 30 ~o120 .00488 +0820
@ .01 - 00491 -0625
50 .o - 00daé +0490
10 . . 01087 1443
- 20 -0178 -01073 ~0831
--------- 30 -o1me -01103 ~0541
© .0181 .01124 L0403
10 . 0204 . 01130 L1805
2 2 .0206 .01183 L0871
--------- 30 .0200 ~oiz31 Lou70
40 .03 -01350 L0424
10 .0160 . 00967 . 1855
- 20 o7 -00850 .0983
--------- 30 .0i80 - 00850 .0633
40 -0182 -00850 0470
10 .0204 . 01067 L1012
2 ap <0208 -01135 <0208
--------- 30 .0 -01164 .0589
s . .o11e3 L0433
10 .0138 .00TTR . 1785
% 20 .0162 - 00858 . 0950
--------- 30 .ol ~00888 - 0638
10 .0163 +00985 0487
10 0178 .00843 .2055
a0 0 .0178 < 00808 ~1001
--------- 30 L0183 - 00936 .065%
i L0187 -00963 L0484
10 0144 .00748 L1928
8t 20 L0180 . 00783 Lo
--------- 30 . 0156 . 00810 - 0683
10 L0170 ~00832 0513
10 L0170 . 00770 L2183
82 20 L0178 -00858 1020
-------- 30 L0183 -00898 . 0678
o L0187 . - 0506
10 L0120 00497 Al
20 ~o181 - 00581 L1128
L1 IO 30 .013g ~006T1 L0748
4 .0148 - 00853 .0558
50 .0150 - 00879 Loddd
10 0125 . 00490 . 8551
20 .0133 < 00354 L1100
T SO 30 .0187 .00588 N
) ~aldo » 00808 - o875
56 T . 00825 . 0458
10 L0130 .00832L S0
% .0132 - 00557 L1188
T SO 30 .0134 - 00585 0790
40 .0185 - 00578 <0589
50 .0138 . 00578 R
10 L0134 . 00534 . 2510
20 L0138 + 00588 S
86..ceu..o.d 80 0142 . 00810 s
0 L0145 - 00844 L0562
5 L0148 - 00663 L0448

Propeller | w 'I‘hrust._ B Powar. . Thrust, )
number. ANDt ANDs Power.
10 0. 0144 0. 01005 0. 1434
a7 220 .0108 .01189 . 0705
""""" 30 . 0184 . 01262 . 0487
40 . 0197 . 01311 . 0876
10 . 0208 . 01094 » 1883
38 0 .0210 .01183 . 0800
""""" N 30 .08 0171 . 0373
4 L0224 .01342 . 0418
10 . 0164 00055 178
- 2 .0178 00023 - 0055
“““““ 1] 0176 . 00940 . (0814
. o 10 . 0178 L 00881 . 0463
10 . 0200 . 01081 1849
40 2 0203 . 01109 <0010
seseeeret) 30 . 0208 .01181 . 0608
40 . 0209 .01148 0454
10 . 0133 . 00718 . 1857
a 20 . 0157 . 00816 . 0963
""""" 30 L0174 . 00916 0833
40 . 0188 . 00008 « 0470
10 0170 . 00811 - 3007
a 20 .0185 . - 00398 .1029
Backh bt 30 . 0190 . 00958 0602
40 0104 . 01001 . 0484
10 .0142 . 00718 . 1088
a . <0743 . 1056
""""" 30 . 0163 00778 . 0700
L] .0168 . 00797 . 0627
10 .0170 . 00754 » 3354
“ 2 .0170 - 00819 -1037
""""" 30 L0178 . 00868 . 0878
40 .0189 N . 0501
10 .0114 . 00527 2163
20 L0128 . 005563 1120
5. ... 30 0132 . 00582 0758
40 L0137 . 00507 .
50 0141 . 00606 «
10 0134 . 00540 .
" 20 L0141 .00619 L1151
""""" 30 .0148 . 00858 L0750
40 .0153 . 00607 0549
10 L0120 . 00490 L2450
20 0124 00502 L1235
[ 1 30 0127 .00613 0625
40 .0129 .00522 0818
30 0130 . 00528 0493
10 .0136 . 00559 . 432
20 0134 . 00568 1180
48. .. cnan- 30 .0135 . 00509 07
40 .0136 00570 0597
50 0187 . 00570 0481
10 0122 . 00635 L1821
0 20 0133 . 00632 . 1
""""" 30 0139 . 00833 .
40 1048 . 00632 .
) 10 0122 00841 L1005 .
50 a0 .0139 L00623 © L7
""""" 80 0141 . 00628 0748
40 0143 . 00632 .
10 0134 00841
Bloiececat 20 0141 . 00825 1128
30 0141 . 0732
10 .0148 . 00080 «1511
80 20 0150 . 01034 0725
ety 30 0151 . 01005 45
40 .0152 01188 .0328
’ 10 L0194 . . 1498
8t 20 0188 .01322 . 0750
""""" 30 . 0204 01404 0486
40 .0208 . 01469 L0354
10 . 0153 . 00917 . 1658
8 2 01430 o076 .0784
""""" 30 01483 00008 .
40 . 01580 .01021 -
10 .01919 . 01212 J1584
88 20 . 01003 01237 0776
""""" 80 . 01893 01248 05056
40 . 01881 01371 . 0870
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TasLe V.—Standing thrust end power—Continued, Tasre V.—Standing thrust and power—Comtinued.
Propaller | »p Thrust, Power. Throst. Propeller | xp Thrust. Power. Throst.
nmber. ARDA | AFDS Power. number. AFD ADS Power.

10 0.01143 0.00853 0.1750 10 0.0114 0.00453 0.2517
20 .0 . 00530 L1198 2 .0118 .00302 . L1855
7 I 30 01401 -00596 0782 1 T 30 .0 -00502 0810
1 01418 - 00808 .0382 40 .0125 -00502
50 01427 -00818 .02 50 o2y -00502 0508
10 0100 .00872 L1488 10 .0128 .00508 2450
20 0138 . 00616 .1115 )] .0128 00523 1228
- S 30 0143 . 00840 -0740 ) SO 30 L0181 -00531
] 0146 ~00860 .0850 40 -0133 .00538 0618
50 0147 -00878 0435 50 ~0135 ~00544 -0426
10 o116 .00653 1778 10 0137 00718 1013
20 0135 -00868 1188 0 2 0153 oo 1052
% T, 30 0138 . 00589 s | ] e 30 0158 00728 0725
40 0141 ~00606 10 0162 -00728
5 0143 -00620 0441
10 o162 . 00788 2166
10 00641 L1503 " 20 0163 - 00768 1064
20 0139 -00614 | | B 30 0168 -00782
= SO 0143 - 00840 L0744 10 0172 -00810 0531
s 0148 00660 .085¢
50 0148 -00674 .0432 10 018 .00892 1671
oL 20 16 -008€5 w77
10 0100 . 00803 .1658 sressesft 20 0160 . 00585
2 o128 -00572 118 4 0169 - 00885 0489
L T NS 0128 .00582 0733
10 0128 -00550 0542 [ 10 .0198 .01018 1025
50 0128 -00538 0420 o5 20 .0196 -01061
s I -0198 -01068 0817
10 .0100 . 00580 1635 o 019 01003 8455
2 .0127 . 00602 1642
- S 30 0138 -00620 0716
40 0137 -00628
5 ~0140 .006833 0445

In the above tsble power is in kilogram meters per second, and other units are metric as
previously stated. Such variation as is shown in the thrust or power coefficient of any one
propeller is believed to be due partly to warping of the blades when under load, and partly
to inaccuracy of observations. The latter applies to values of ND below 20. Tests show
that the blades when under maximum load (about 30 kilograms) may bend § inch (1.5 centi-
meters) at the tip which mey change the tip pitch angle 2 degrees.

Regarding T?———l;?:: as a measure of efficiency in producing standing thrust, it may be seen
that it varies, between ND =20 and ND =50, inversely as ND for any one propeller. For

ND less than 20 the ratio is sometimes smaller and sometimes greater than would be derived
by the application of this rule.
Thrust

Propellers of the smaller pitch have the larger ratios, Power"

Form 2 appears superior to other forms.
The wide blades (4,) have higher ratios CPYTTM;:) than the narrow ones (A,) at low values

of ND, but at high values of ND the reverse is often true.
There is little difference between propellers of uniform and expanding pitch.

Between ND=20 and ND=50, the noncambered blad-s give higher ?_OW:‘; than the

cambered blades of the same form-and section.
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